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FOREWORD

The purpose of this work has been to determine viscosity , density ,
and bulk moduli of two liquid lubricants. The work has been conducted
at Midwest Research Institute , 425 Volker Boulevard , Kansas City ,  Missouri
64110 , for the Air Force Materials Laboratory (MBT), under Contract No.
F33615—75—C—5l16 (January 2, 1975 to Apr il 1, 1978) , Project No.
Task No. 4?4~

O3 , NRI Project No. 4023-L.
Pt .  ,,

Mr. Frederick C. Brooks of the Lubricants and Tnibology Branch , Air
Force Materials Laboratory (AFML/MBT), has been the project engineer.
Messrs. Vern Hopkins and Patrick Hogan prepared this report . Mr. Hogan
conducted the laboratory work. Mr. Karl Mecklenburg is the project leader
f or the overall program.

The report was submitted by the authors in November 1976.
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SECTION I

INTRODUCTION

Viscosity, the constant of proportionality relating fluid shear stress
to shear strain for Newtonian liquids, is generally considered to be most
important property of liquid lubricants and hydraulic fluids. Because of
the relationship between viscosity and fluid-film thiclaiess in elastohydro-
dynamic lubrication, this property is significant in determining friction
loss, mechanical efficiency, heat generation, fluid flow, load—carrying
capacity, and wear of machine components such as bearings and gears. Vis-
cosity will vary appreciably because of the large pressure and temperature
char.ges that occur within liquid films which move in and out of the con- V

centrated contact zone of such machine elements.

This work was undertaken to determine the effect of changes in pres-
sures to 965 MPa (140,000 psi) and temperatures to 149°C (300°F) on the
viscosity, density, and bulk modulus characteristics of two liquid lubri-
cants, Data on these fluids were taken with a falling-weight viscorneter
and a compressibility fixture. Fall time and compressibility measurements
were generally made at i38 MPa (20,000 psi) intervals of pressure and at
temperatures of 38°C (100°F), 99°C (210°F), and 149°C (300°F). These data
were then used to determine values for absolute and kinematic viscosity,
density, and bulk modulus.

The following sections of this report describe the equipment used
(II); outline the procedures followed to collect the data (III); present
viscosity, density, and bulk modulus values determined for both fluids,
and discuss the characteristics of the fluids (Iv).
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SECTION II

DESCRIPTION OF ~~UIPMENT

An advanced version of the high—pressure, high—temperature falling
weight viscometer, described in the 1953 ASIdE Pressure Viscosity Report
(Ref a I), is used to measure the viscosity nnd compressibility of lubri-
cating fluids (see Figure 1). The falling—weight viscorneter is designed
to operate at temperatures from 0°C (32°F) to 204°C (400°F) and pressures
from 0 to 1,724 MPa (0 to 250,000 psig). Compressibility data and fall
time data are measured and used to calculate absolute and kinematic vi-
cosity, density, and bulk modulus of the fluids tested. The viscometer
unit consists of: (1) a hydraulic system to provide the high-pressure en-
vironment; (2) a liquid bath to provide the thermal environment; (3) fall-
ing weight and compressibility fixtures; (4) instrumentation to collect
data; and (5) a roll—over system to cause the falling weight to fall al-
ternately from one end of the viscometer tube to the other.

A. Hydraulic System

A schematic diagram of the hydraulic circuit of the viscometer is
shown in Figure 2. Items 8 through 26 of Figure 2 are all part of a
rotating assembly.

The high—pressure environment in the high—pressure chamber (21), which
contains either the viscosity or the compressibility fixture, is built in
three stages. The air—operated hydraulic pump (8) is first used to in-
crease the pressure in the high—pressure chamber, transition tube, and
high—pressure cylinder (18) directly to 48 to 55 MPa (7,000 to 8,000 psig).
The 10:1 intensifier (16) is then actuated to increase the pressure to
about 345 MPa (50,000 psig). Items (18), (21), and the connecting tubing
(transition tube) now contain all the hydraulic fluid that will be added
to them. The low—pressure cylinder (14), which has an area about 49 times
that of the high—pressure cylinder (18), is actuated for the final increase
in pressure. As the piston (19) for the high—pressure cylinder advances be-
cause of loading by the low-pressure cylinder piston, the port used to in-
troduce hydraulic fluid (into 18) below 345 MPa (50,000 psig) is Vented to
the atmosphere, and the fluid in (18) and (21) is trapped. Very high pres-
sures can now be developed in (18) and (21), with only moderate increases
of pressure in the low—pressure cylinder (14). On decreasing pressure,
the piston for the high—pressure cylinder will retract the low—pressure
cylinder most of the way as the hydraulic and test fluids expand. Comple te
return of the low—pressure cylinder piston is accomplished by pressur izing
the backup cylinder (13). This cylinder mechanically forces the return of
the piston in the low—pressure cylinder (14).

2
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The leve l of the high—pressure environment in the l i g1~-pressuro cviii ’-
der and chamber (18 and 21) is indicated either by a Bourdor~—t ubo p t ssurc
gage (below 345 MPa (50,000 psi)), or by the change in resi~ t 1nce of V i

wire coil located in the high—pressure cy linder. The ma~~ :i:l in wire t r V , n s —

ducer has a linear resistance change as a function of pressure . This linear
pressure—resistance characteristic is useful from atmosp heric pressure to
2,930 MPa (425,000 psi). The calibration constan t of the coil is che fkc~
at pressures up to 689 MPa (100,000 psi ) with a precision Bourdon-tube
pressure gage. Pressures above 689 MPa (100 ,000 psi) are measured by ex-
trapolation .

B. ~~~~

A sti rred constant—temperature bath , shown at the ri g ht end of Fi gure
I , p rovides the thermal environment for  the hi g h—p ressure chamber. This
chamber (Item 21 in Fi gure 2 )  contains ei the r the viscosi ty or compressi-
bility fixture. A phenyl—methvl silicone (QF—258) is used as a bVlth fluid
at temperatures above 10°C (5 0°F) .  The bath vessel is equi pped w i t h  a c o i l
for tap water, an evaporator coil for a small refrigeration unit , thre e
1,500 w electric heaters , and one 500 w e lec t r ic  heater.

At 20°C (68° F) and above , one or more of three 1,500 w heaters are us’~~
to supp l y the bulk of the heat required. These heaters  are controlled by V t

so l id—sta te  powe r supp ly. The output  of this  powe r supp ly is contr ~11od F~v
a the rmocouple in the bath l iquid. In order to have posi t ive control ne ,r
room temperature, both the heaters and the refrigeration system may ~~
operated at the same time. The coil for tap water is used primari ly t o
hasten cooling of the bath. The bath liquid temperature is meacurod h’~
ASTM extended—range thermometers.

An electric—motor—driven pump and 0.114 m3 (3O-gal.) drum were c on-
nected to the temperature controlled bath to t ransfer and hold the bath
fluid while changing specimens. This arrangement prevents the loss ot

bath fluid, and minimizes the time required to change specimens or rep i V i e
a seal.

C. Falling-Weight Viscosity and Compressibility Fixtures 
V

The falling—weight viscosity and compressibility fixtures are the
heart of the high-pressure viscometer apparatus . The rema inder itf the
setup is designed to control the environment for these fixtures or to

take data from them .

1. Falling—weight viscosity fixture: A cross section ~f the fixru rc
is shown in Figure 3~* This device consists of a cylinder ~~ in which
slides a closely—fitted cy lindrical falling weight (2). There is an in-
sulated contact (3a) at each end of the tube . The contacts are l~~~ od in

* Reprinted from ASME Pressure-Viscosity Report Vind m oditied.
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p lace by nuts (3h), and sea led by lead washers or 0-rings (3g). The flexi-
ble bellows assembly (8 ) ,  which is connected to the lower end of the vis-
cometer cy linder by a tube (6) and union (7), serves as a reservoir to
keep the viscometer tube f i l l ed  with the test fluid , and to transmit the
hydrostatic pressure outside the fixture to the test fluid without apprec i-
able change. The insulted contacts (3a) are connected by a wire (5) which
is attached to a lead extending through the terminal plug (12) which , with
sea ls (13),  closes the high—pressure  chamber . The entire f ix tu re  is sur-
rounded by the pressure- t ransmit t ing f luid introduced through the extension
(16) of the high-pressure chamber . The pressure-transmitting fluid is a
mixture of normal hexane containing 57. (by volume) SAE 20-20W motor  oil.

Viscosity is proportional to the t ime required for the fa l l ing weight V

to descend vertically through the cylinder under the force of gravity .
Repeat readings are taken by rotating the viscoineter one-half revolution.
This rotation is accomplished by turning the ent ire hydraulic system (ex-
cept the reservoir) about its horizontal axis . The time of fall is indi-
cated by a counter accurate to within 1/60 sec. The counter is started
when the weight breaks contact with the upper cy linder and plug , and is
stopped when contact is established by the weight touching both the cy lin-
der and the bottom end plug.

The electrical leads through the terminal plug are in a swaged
stainless—steel  sheath which is silver—brazed to  an air-quenched too-
steel p lug . Six con ductors , four iron and two constantan, are con tain ed
in the 0.63 cm (1/4-in.) OD sheath and are insulated with very dense nag-
nesium oxide. To reduce the chance of leakage of hexane, the MgO is im-
pregnated with polyimide resin at roughly 345 MPa (50,000 psig) and then
cured (about 1 hr at 107°C (22 5°F) and then 1 hr at 260°C (500°F)).

2. Compressibility fixture: A cross section of the compressibility
fixture is shown in Figure 4•* The liquid test sample is sealed into
the bellows (1) under vacuum . The bellows are we lded to the end pieces
(2) and (3), and contain the guides (4) and (5), which keep the bellows
straight and assure a linear length/volume-change relationship for the
bellows . This relationship was experimentally determined . The guides
are held in place and the bellows ends sealed by silver solder . After
filling the bellows with test fluid , the filling opening is sealed by a
screw (8). The bellows assemb ly is then clamped to the sleeve (12) by
the nut (13). A short length of polished high-resistance 0.45 tom (0.0179
in.) diameter Nirex wire (11) is attached to the upper end of the bellows
and , as the pressure is increased , the bellows become shorter , causing
the Nirex wire to slide over the insulated contact (15) which is fixed
in the block (14) which in turn is clamped to the sleeve (12). Leads from
the slide wire (11) and the insulated contact (15) are soldered to termi-
nals (23) which are connected to the leads (30) extending through the

* Reprinted from ASIdE Pressure-Viscosity Report and modified.
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termina l p lug . Identical termina l p lugs are used for the viscosity and
c ompressibility fixtures.

The motion of the slide wire over the insulated contact is measured
by determining the voltage drop between the contact soldered to the end
of the Nirex wire and the insulated contact . Separate leads are used to
measure the voltage drop and to supp ly the bias voltage to the Nirex wire.
The relationship between voltage drop change and bellows -length change is
established experimentally at the various test temperatures , using a
micrometer head and a small oven. The relationship between bellows-length
change and bellows-volume change is experimentally determined by use of a
micrometer head with a precision capillary tube that measures the change
in bellows volume caused by a known length change .

Additional information concerning the development of the present
V viscometer will be found in Refs . 2-5.

D. Instrumentation

A schematic diagram of the instrumentation used to measure : (1) pres-
sures with a manganin coil transducer ; (2) compressibility with a slide
wire transducer; and (3) the tine required for the falling weight to fall
from one end of the viscometer tube to the other is shown in Figure 5.

All electrical measurements except fall time were made on a Leeds and
Northrup K-3 potentiometer. To measure voltages , leads were connected to
the potentiometer through Leeds and Northrup instrumentation switches hav-
ing less than 0.1 ~v of thermal noise. Fall time measurements were made
with a Hewlett-Packard 5325 Counter .

The mangariin-coil pressure-measuring system uses a 4-wire system to
permit the leads carrying current to the coil to be separated from the

4 voltage measuring leads to the potentiometer. A 100-ohm precision re-
V sistor connected in series with the manganin coil was used to monitor

the current through the coil. This current can be monitored with a po-
tentiometer or a separate microvoltmeter . Calibration of the microvolt-
meter was checked before each test to assure the stability of the manganin
coil current . Calibration of the manganin coil pressure-measuring system
was checked many times during the course of this work . The coil did not
change base resistance or sensitivity to pressure at any time during this

V work. It was established that results of the mangrrnin-coil pressure-
measuring system were reproducible to ± 0.35 MPa (± 50 psi) from 0 to 689
SiPa (0 to 100,000 psig).

The Nirex wire compressibility measuring system is a 4—wi re system ;
one pair supp lies the bias current , while the second pair is used to measure
the voltage. The voltage drop across a 10 ohm precision resistor is used
to monitor the current. A second microvoitmeter can be used to m~nitor the

--
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V 
current while the potentiometer is being used to measure the Nirex wire
voltage.

The laboratory in which the viscometer is located is equipped with an
air—conditioning system capable of holding the room temperature constant
within ± 0.25°C (± 0.5°F). Temperatures varied less than ± 0.1°C (± 0.2° F)
inside the instrument console where the critical electrical measuring corn-
ponents are located. This control of laboratory temperature permits accurate
measurements to be made in art efficient manner.

E. Roll—Over System

This falling—weight viscometer is equipped with a remotely operated
rotating device to provide uniform rates of rotation of the viscometer

V fixture, and to permit the operator to remain away from dangerous areas
during high—pressure runs. The system is pneumatic and uses 0.41 to 0.62
MPa (60 to 90 psig) air pressure. A partial revolution air motor turns
the entire hydraulic system 180 degrees in less than I sec , and thereb y
causes the weight to fall through the viscometer tube filled with test
fluid. The air motor, which is connected to the rotating assembly through

V 
a timing belt, is supplied with air through one of two ports. The direc-
tion of rotation is controlled by the position of a four—way solenoid valve.

Cam-operated valves sense the position of the rotating assemb ly and
adjust the air flow rate to permit deceleration of the assembly to a
smooth , but firm , halt on one of the two adjustable stops . Adjustments
can be independently made in: (1) the angular position of the test cham-
ber , the cams , and the stop arm with respect to the transition (hydraulic
fluid supply) tube; (2) the actuating air pressure ; (3) the stop positions ;

~nd (4) the settings of the air snubbers .
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SECTION III

V 
PROC EDU RE S

The procedures followed to determine high-pressure viscosity , density ,
and bulk modulus values consisted of three steps . The first step involves
c~tlibrating transducers . During the second step the overall unit is
op er a t e d  to  collect data .  In the th ird s tep ,  data are reduced to viscos-
ity, density , and bulk modulus values .

A. Calibration

The high-pressure  viscometer incorpo rates two measuring t ransducers  V

V which require regular checks of calibration and occasiona l recalibration .
In addit ion , the viscometer tube has two pointed e lectr ical  contacts  which
must be occasionally resharpened .

The cal ibrat ion of the rnangan in—coil pressure tran sducer was checked
~~

- least once for each fluid tested. The resistance of the coil was cali-
brated against a 689 MPa (100,000 psi) Heise bourdon tube gage which was
certified to 0.17, of full scale. The base resistance and sensitivity of
the manganin coil transducer did not change during this work.

The calibration of the Nirex wire compressibility transducer was checked

~c 1045t once for each fluid tested. The resistance/displacement character—
iscic of the wire is measured with a potentiometer and a 0 to 2.54 cm (0 to
I in.) micrometer graduated in 2.5 ~m (0.0001—in.) increments. The Nirex

~ire was rep laced twice during specimen changes. The rep lacement resulted
in three d i f fe ren t  reference currents being used for the compressibility
measurements with each wire replacement. No changes in calibration were
eve r detected in the Nirex wire transducer.

Fall  length must be measured each t ime the electrical contacts in the
V , j c ome ter  tube are sharpened because the distance which the weight can f a l l
is a l te red .  The length is measured with an adjus table  p lug gage , which is
in turn measured with a 0 to 5 an (0 to 2 in.) micrometer graduated in 25 ~m V

; .u)l-iri .) increments. The length  of the falling weight is subtracted from
;he length of the plug gage to obtain the fall length.

Bath temperatures are set by using ASTM extended range thermometers,
Vlfld ire held constant within  ± 0.05°C (± 0.1°F) by a three—mode temperature
control icr.

The verticil position of the viscometer tube axis is checked after each
change of specimens. The position is set within I mm of vertical , using a

12
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precision level (± 30 sec) positioned on a machined surface of the high
pressure chamber.

B. Data Collection

Data required for the viscosity determination are the fall time and
the density of the fluid in the viscometer at each temperature and pressure
of the test schedule. The test schedule called for temperatures of 38°C
(100°F), 99°C (210°F), and 149 °c (300°F) arid pressures from atmospheric to
965 MPa (140,000 psig). At each temperature, the pressure was increased
in increments of 138 MPa (20,000 psi) to a maximum of 1,103 HPa (160,000
psig) or until the fall time exceeded 750 sec. In some cases smaller in-
crements of pressures were used to permit taking at least four data points
at each test temperature.

The time required for the weight to fall the length of the viscometer
tube filled with the test fluid was recorded to the nearest 1/60 of a
second . At least five readings of fall time were taken when the viscom-
eter was rolled to the left and five when it was rolled to the right , ex- V

cept at the longest fall time (greater than 10 m m ) .  Only two or three
fall t imes were taken at the longest fall times.

The volume of a known weight of test fluid was measured in the com-
press ibility fixture at each of the temperatures and pressures of the test
schedule. Pressure limits were those established during the fall time mea-
surements .

Density of the test fluid , at atmospheric pressure for each tempera-
ture of the test schedule , was measured concurrently with the compressi-
bility measurements , using two different makes of specific-gravity bottles
immersed in the temperature-controlled bath . The simultaneous density and
compressibility measurements are expected to eliminate any possible error
due to different bath temperatures .

Measurements were made in order of increasing temperature and pres-
sure , and rechecks of selec ted points were made on decreasing pressure.

C. Da ta Reduc tion

Three computer programs are used to reduce the data to values of dens-
i ty ,  bu lk modu lus and viscosi ty . The programs are hel p f u l  in reducing the
number of errors and the cost of the computations .

The computer programs are written to accept some of the data in the

Eng lish system of units. Once the data have been reduced, the programs
make necessary conversions to S.I. units and then output the data in that

form.
13
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1. Density: Data at atmospheric pressure are smoothed by fitting
them to an equation of the form

P0 — a + b T  (1)

where p0 = density at temperature T and atmospher ic pressure , g/ml

T = temperature , degrees Fahrenheit

a and b = constants determined by a linear regression curve fit
procedure .

Densities at test pressures are calculated from the atmospheric pres-
sure density data and the compressibility data using the equation

p 1 (2)
- (V0-V)

P0 W

where p = density at temperature T and pressure P , g/ml

p0 = density at temperature T and atmospher ic pressure , g/ml

(V0-V) = volume change of test fluid sample at temperature T , and
subjected to an increase in pressure from atmospheric pres-
sure to the test pressure P, ml

W = weight of sample, g.

An equation is fitted to the density-pressure-temperature data to
V smooth it in a way that all data points will have equal weight. It has

been found that a suitable equation will have the form

pO.Y

P

where P = pressure, psig

= temperature, degrees Ra nkine

0 and y = constants dependent upon the fluid .

14
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2. Bulk modulus: Bulk modulus values are calculated from the con-
stants ~ ~ and ‘y determined above us ing the r e l a t ionsh ip

VP (4
T /

ln fl+  r’
c~+ LJ

Tp /

where B
T is the isotherma l secant bulk modulus.

3. Viscosities: Absolute viscosity and kinematic viscosity are cal-
culated from the fall time data , the density data and the form factors for
the viscometer using the equation presented in the 1953 ASNE Pressure Vis-
cosity Report (Ref. 1):

= (Cf C’ Cb Cd) T/L (5)

where ji = absolute viscosity, centipoise

Cf = form factor or calibration constant

C’ = factor related to the geometry of falling weight and
viscometer tube

Cb = correction for bouyancy of sinker in the test fluid V

Cd = correction for thermal expansion and compressibility
effects on viscometer

L = distance sinker falls

1 = time for sinker to travel distance L at constant velocity ;
measured fall time corrected for time to accelerate sinker
to final velocity.

Kinematic viscosity is the ratio of absolute viscosity to the density.

(6)
p

where v — kinematic viscosity, centistokes.

15 
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SECTION IV

RESULTS AND DISCUSSION

Cha ng es in absolute and kinematic viscos ity , as well as density and
bulk modulus , have been determined for two lubricants at high pressures
and temperatures. Data to determine these properties were taken at test
conditions listed in Table 1.

Values of absolute and kinematic viscosity, density, and bulk modulus
determined for two fluids are presented in Tables 2 and 3. Values of ab-
solute viscosity density and isothermal secant bulk modulus as functions
of pressure and temperature were plotted and are presented in Figures 6,
7, 8, 9, 10, and 11. Each figure contains a curve for temperatures of
38°C (100°F), 99°C (210°F), and 149°C (300°F).

ELO 67-22 is a higher viscosity liqu id than ATL 4102 , and has a steeper
slope with pressure . ELO 67-22 also exhibits a greater viscosity change witi-
temperature than does ATL 4102 . Viscos i ty  resul ts  fo r  both of these lubri-
cants were compared to values given in AFML-TR-74-l95 for seven lubricants
obtained under nearly identical conditions . The viscosity of ATL 4102 is
nearly identical to that reported for ATL-3144 . The viscosity of ELO 67-22
is only slightly greater than that obtained for MLO-73-91. However , the
densit ies of ATL 4102 and ELO 67-22 were noticeably less than ATL-3144 and
NLO—73—9l, respec tively.

ELO 67—22 is less dense than ATL 4102. It also arpoars that the curvt~
for the density of ELO 67-22 tend to get c loser together as pressure in-
creases . This trend is believed to be the result of a small experimental
error. Checks made on the equipment and an examination of the lubricant
f or contamination by the pressurizing media did not turn up a reason for
this unusual trend .

The 38°C (100°F) bulk modulus of ATL 4102 is less than the 38°C (100°F)
bulk modulus of ELO 67-22. The values of both lubricants at 149°C (300°F)
are nearly identical. The slopes of the bulk modulus curves for both lubri-
cants with pressure are nearly the same. Temperature has a greater e f f e c t

on bulk modulus of AlL 4102 than it does on ELO 67-22 .

The probable error of the density and bulk modulus values reported in
Tables 2 and 3 is estimated to be no greater than ± 0.8~,. Of the ~l dens

.

ity determ inations , 39 are withi n * 0.8~ of the value c a l c u l a t e d  by E q .  ( 3 ) .
The computer programs for reducing the density data also calculate the
standard error of the estimate for Eqs. (I) and (3). The standard error
for  a l l  of the atmosp he ric densi ty  data combi ned is O. 52~, and the standard
error for all of the high-pressure density measurements combined i~ 

O.fl.
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TABLE I

}~ Gft-PRESSURE VISCOSlrf AND DENSI~J TEST Cc1~DIUONS

T~jpoerature Pressure Liquid Lubricants

—~. .~ .2. J2~~ 
(psig) ELO 67-22 ATL 4102

38 1.00 0 0 X X
34.4 5,000 x
68.9 10,000 x

103.4 15,000 X
137.9 20,000 X X
172.4 25,000 X
206.8 30,000 X
275.8 40,000 X V

413.7 60,000 x

99 210 0 0 X X
137.9 20,000 X X
275.8 40,000 x x V

413.7 60,000 X X
482.6 70,000 x
551.6 80,000 X X
689.5 100,000 x
827.4 120,000 X
965.3 140,000 x

149 300 0 0 X X
137.9 20,000 X X
275.8 40,000 X X
413.7 60,000 X X
551.6 80,000 x x
689.5 100,030 x x
827.4 120,000 X X
896.3 130,000 X
965.3 140,000 X
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Figure  7 - Absolute Viscosity Versus Pressure - ATL 4102
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The probable error of the viscosi ty values reported in Tables 2 and
3 is estimated to be no greater than ± 5~~. This estimate is based on the

- ‘ variation of fall times in the viscometer and the repeatability of the
fall times . At present , no procedures are used to smooth the viscosity
data; however , plots of viscosity as a function of pressure , Figures 6 and
7, tend to support this estimate.
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